mental arrest that may eventually lead to cell death, but is also reversible (Nossal and Pike, 1975; Raff et al., Denver, Colorado 80206 1975; Sidman and Unanue, 1975; Hartley et al., 1993). Our in vivo studies using anti-major histocompatibility complex (MHC) class I Ig-Tg mice (3-83/␦) have shown Summary that IgM ϩ immature B cells exposed to autoantigen in the bone marrow are tolerized by a receptor editing The ability of BCR cross-linking to stimulate receptor mechanism (Tiegs et al., 1993; Lang et al., 1996) , sugediting was analyzed in vitro using bone marrow B
. BCR Ligation Does Not Induce Death of Bone Marrow B Cells (A and B) Bone marrow cells from 3-83/␦ (A) or 3-83/␦/Bcl-2 (B) mice were cultured either alone or with 10 g/ml of anti-Id MAb 54.1, anti-MAb 331812, or control MAb 5Ci. The absolute number of B220 ϩ cells was determined at various times by counting viable cell numbers and determining the percentage of B220 ϩ cells in flow cytometry assays. (C and D) Bone marrow B cells from B10.D2 (C) or B10.D2/Bcl-2 (D) mice were cultured as in (A) and (B) . Data points represent the means Ϯ standard deviation of 2-12 independent experiments. may be visualized. Accordingly, the control and anti-Ig ϩ bone marrow B cells BCR ligation can induce extensive light chain gene rearrangements. immunoglobulin-treated cultures of Ig-Tg bone marrow cells described in Figure 1A were analyzed for markers of receptor editing. As expected, Ig-Tg bone marrow BCR Cross-Linking Induces Expression of Endogenous Light Chain Protein cells had low levels of RAG-2 mRNA that were unaffected by treatment with control MAb (Figure 2A , lanes As BCR ligation promoted light chain gene rearrangement, we predicted that the proportion of treated B cells 1 and 2), whereas treatment with either anti-Id or antistimulated RAG-2 expression (Figure 2A , lanes 3 and expressing endogenous light chain protein should be detectably increased. As the reagents needed to distin-4). Cross-linking BCR consistently led to a significant (p Ͻ 0.005) 3-to 3.5-fold increase in RAG-2 mRNA levels guish between endogenous and Tg -light chain proteins were unavailable, we measured -light chain over several experiments ( Figure 2B ), a response which was detectable by 18 hr and peaked by 24 hr (data not expression by flow cytometry, an assay that was capable of scoring only a small fraction of the B cells express-shown). These results indicated that immature B cells were capable of either up-regulating or extending the ing endogenous light chains. BCR ligation induced an increase in the frequency of B cells expressing -light duration of RAG-2 gene expression after sIgM ϩ expression, and that BCR ligands could induce this response chains (compare [A]- [D] in Figure 4 ). Approximately 1.5% of the bone marrow B cells expressed endogenous within 1 day.
Under these same culture conditions, BCR ligation -light chains after BCR ligation, whereas fewer than 0.5% of the B cells expressed -light chains in the con-also induced light chain gene assembly, as shown by polymerase chain reaction (PCR) analysis of V-J1 re-trol cultures after 72 hr (see Figure 4E ). This shows that, in at least a proportion of bone marrow B cells, BCR arrangements ( Figure 3 ). Compared with a standard curve generated with templates containing known pro-ligation stimulated new rearrangement and expression of endogenous light chain protein. portions of cells bearing V-J1 rearrangements ( Figure  3A , lanes 1-6), bone marrow cultured for 48 hr in the absence of BCR stimulus had virtually no endogenous
Receptor Editing Can Be Induced in Immature B Cells from Nontransgenic Mice V-J1 rearrangements ( Figure 3A , lanes 8 and 10), whereas cells treated with anti-Id MAb had abundant
The ability of anti-treatment to induce endogenous light chain gene expression in 3-83/␦ Ig-Tg bone mar-V-J1 rearrangements ( Figure 3A , lanes 9 and 11). By comparison with a standard curve generated using cell row B cells prompted us to test its effect on normal, non-Tg cells. Untreated or control MAb-treated bone mixtures with known amounts of V-J1 rearrangements ( Figure 3B ) and correcting for the fraction of recovered marrow from B10.D2 strain mice reproducibly expressed -light chains on ‫%7-%6ف‬ of the B220 ϩ lymphocytes cells that were of the B cell lineage, we estimate that in treated cultures V-J1 rearrangements occurred in (Figures 5A and 5B) , whereas treatment with anti-MAb induced a dose-dependent increase in the percentage about 48% of the B cells ( Figure 3C ). This represents a 37-fold increase over the levels found in control sam-of cells expressing -light chain ( Figures 5C-5E ). Cultures treated with 1-100 g/ml anti-MAb expressed ples, which were estimated to have V-J1 rearrangements in only 1.3% of the B cells (0.43% of the bone -light chains on 9%-12% of the lymphocytes, respectively, a statistically significant increase (p Ͻ 0.05; Figure  marrow cultures; Figure 3C ). These data show that in of the responding cells from non-Tg B10.D2 cultures, we analyzed cultured cells for surface expression of CD23 and B220. We chose CD23 as a marker of B cell maturity because its surface expression is not affected by BCR modulation. Similar to the results seen with the Tg B cells, we found that in normal bone marrow cultures the immature B220 ϩ /CD23 Ϫ B cell population had an increased frequency of ϩ cells after treatment ( Figure  6B ). Thus, in both Tg and non-Tg mouse bone marrow culture, BCR ligation specifically induced -light chain expression on at least a subset of immature B cells. To distinguish between these two possibilities, we labeled bone marrow cells prior to culture with carboxyfluorescein diacetate succinimidyl ester (CFSE) to track the subsequent proliferation of the ϩ B cells (Lyons and Parish, 1994) . With each cell division, the fluorescence intensity of CFSE label decreases by half, allowing the visualization of successive cell divisions (Hodgkin et al., 1996) . Figure  6C shows the CFSE labeling profile of B220 ϩ cells in anti-Id MAb-treated cultures after 72 hr in culture and shows that the majority of cells had not undergone cell divisions, while a smaller fraction had undergone one or two cell divisions. Significantly, none of the ϩ B cells from Ig-Tg cultures had divided during the 72 hr 
Discussion
5F). This increase was also reflected in the absolute number of ϩ cells recovered from the cultures (data Our results demonstrate that sIg cross-linking can rapidly initiate secondary light chain gene rearrangements not shown). These results indicate that in normal, non-Tg bone marrow, anti-treatment can induce the devel-in a large fraction of immature B cells. In Ig-Tg bone marrow cultures, BCR ligation caused an increase in opment of ϩ B cells.
recombinase mRNA by 18 hr of culture, and by 48 hr substantial V-J1 rearrangement had occurred. We es-Receptor Editing Occurs in the Immature B Cell Population timate that the proportion of treated bone marrow B cells induced to undergo V-J1 rearrangement was at To determine which B cell subpopulation was responding to BCR ligation, we analyzed treated cultures least 24%-48%, depending on whether one or both -loci rearranged in each responding cell. This is an by three-color flow cytometry. Bone marrow contains immature, IgM ϩ /IgD Ϫ /CD23 Ϫ B cells and mature, IgM ϩ / underestimate of the number of cells undergoing -light chain gene rearrangements because V-J1 rear-IgD ϩ /CD23 ϩ B cells (Best et al., 1995; Hardy et al., 1991) . We gated on B220 ϩ /IgD ϩ and B220 ϩ /IgD Ϫ B cells from rangements represent only one fourth of the potential -light chain gene rearrangements (there are four func-Ig-Tg cultures and analyzed the two populations for -light chain expression. As can be seen in Figure 6A , tional J subunits) and our V primer permits amplification of many, but probably not all, V-genes. As pre-the immature B220 ϩ /IgD Ϫ B cell population contained the cells newly expressing endogenous -light chains dicted from in vivo experiments (Tiegs et al., 1993) , immature, IgM ϩ /IgD Ϫ /B220 low B cells, but not mature B after BCR ligation. To determine the stage of maturation cells, were able to respond to BCR ligation by receptor editing in two possible ways (see Figure 7 ). Pre-B-cells that productively rearrange light chains express sIgM editing.
In cultures of normal bone marrow, the cells re-and therefore may transiently coexpress both RAG mRNA and sIgM. Cells with this phenotype have been sponding to BCR ligation were nondividing, IgM ϩ / CD23 Ϫ /B220 low immature B cells. As assessed by three-detected by several laboratories (Li et al., 1993; Ma et al., 1992; Tiegs et al., 1993) . A selection event, which is color flow cytometry, 40% of the B220 ϩ cells were sIgM ϩ after 48 hr in culture, and 20%-30% of the sIgM ϩ B not clearly understood, is necessary for the immature B cell to progress in B cell development to a IgM ϩ /IgD Ϫ / cells had an immature phenotype, consistent with other published data (Hardy et al., 1991) . If we consider only RAG Ϫ phenotype, which in turn matures to a IgM ϩ /IgD ϩ / RAG Ϫ phenotype and migrates into the periphery. Anti-the immature B cells, -light chain expression increased from a background of ‫%02ف‬ of the B cells in control gen or self-reactivity could either cause the immature RAG Ϫ B cell to reinitiate light chain gene recombination cultures up to ‫%56ف‬ in anti--treated cultures, indicating that ‫%54ف‬ of the immature B cells underwent recep-(pathway 1) or could block the development of the immature B cell at the RAG ϩ stage, preventing the termination tor editing and successfully rearranged a -light chain in response to BCR ligation. Since -light chain expression of V(D)J recombination (pathway 2). Although our results are consistent with both possibilities, others have shown does not identify cells that have attempted but failed -light chain rearrangements, or cells that attempted that sIg cross-linking can up-regulate RAG expression in a human B cell lymphoma (Verkoczy et al., 1995) . -light chain rearrangements, a conservative estimate is that in response to BCR ligation Ͼ45% of the imma-Further experiments are needed to distinguish between these possibilities. ture, Ig ϩ B cells from the normal mice attempted receptor editing. One potential reason we failed to detect
The sensitivity of bone marrow B cells to antigeninduced tolerance has been documented in other in vitro even higher levels of -light chain expression after BCR ligation in immature bone marrow B cells is that re-systems (Nossal and Pike, 1975; Raff et al., 1975; Sidman and Unanue, 1975) and has been attributed to acceler-arrangements occur relatively late after commitment to light chain gene rearrangements (Arakawa et al., 1995) ated cell death (Norvell et al., 1995) , yet immature bone marrow B cells do not die after BCR ligation in our culture and -light chains, which are rearranged earlier than -light chains, may initially be favored over -light chains system even with high concentrations of MAb ( Figure  1 ; data not shown). These discrepancies may be attrib-in receptor editing. Nonetheless, these results, along with the observation that BCR ligation induced V-J1 uted to differences in culture conditions, the reagents used for BCR cross-linking, or, in the case of Norvell et rearrangement in a large fraction of cells, indicate that most immature bone marrow B cells can undergo recep-al. (1995) , to the effects of affinity isolation of immature B cells on anti-immunoglobulin-coated dishes. While tor editing after BCR ligation.
We propose that BCR ligation could promote receptor we used anti-immunoglobulin light chain MAb in these MAb did not diminish B cell survival, but enhanced receptor editing as indicated both by the increases in the percentage of ϩ B cells ( Figure 5 ) and the absolute number of ϩ B cells (data not shown). We believe that the bone marrow environment necessary for immature B cell survival is maintained in our culture system and that the absence of these unknown environmental factors in the purified immature B cells used by Norvell et al. promotes or primes apoptosis that can be further accelerated by BCR cross-linking. This study suggests that receptor editing, rather than accelerated cell death, may be the dominant tolerance mechanism of immature bone marrow B cells. If true, this represents a major paradigm shift, as it indicates that "receptor selection" rather than "clonal selection" is the major mechanism of B cell immune tolerance. Unlike clonal elimination by cell death, receptor editing effectively uncouples the fate of the autoreactive B cell from that of its receptor. While this study shows that receptor editing can occur efficiently in bone marrow B cells, it does not address the question of whether or not this mechanism is common under normal circumstances. The proportion of bone marrow B cells that normally undergo receptor editing and tolerance induction is not known, but is predicted from theoretical models to be high (Nemazee, 1996) . The surprisingly poor allelic exclusion mediated by germline targeted functional light chain genes (Prak and Weigert, 1995) and recent analysis of molecular footprints of receptor editing in normal B cells (M. Retter and D. N., unpublished data) are consistent with this interpretation. Figure 4 . BCR Ligation Increases the Proportion of Immature B 3-83/␦ transgenic mice (Russell et al., 1991) were maintained on Cells Expressing (Endogenous) -Light Chain an autoantigen-free, nondeleting (H-2K d ) background. Experimental mice were generated by breeding homozygous 3-83/␦ transgenic (A-D) Flow cytometric analysis of bone marrow cultures 72 hr after males with B10.D2 (Jackson Laboratories, Bar Harbor, ME) females no treatment (A) or treatment with either 10 g/ml control MAb 5Ci or B10.D2/Bcl-2 females (Strasser et al., 1991) . All mice were bred (B), anti-Id MAb 54.1 (C), or anti-331812 (D). Bone marrow cells and maintained in the animal care barrier facility at the National (2 ϫ 10 6 ) were stained with anti-B220-PE and anti--FITC and ana-Jewish Center for Immunology and Respiratory Medicine. Bone marlyzed on a FacsCalibur flow cytometer. row was isolated from mice at 6-8 weeks of age. (E) The effect of BCR ligation on the percentage of B cells that Nonsecreting mouse myeloma P3x63-Ag8.653 was obtained from express endogenous -light chains after 72 hr in culture. Data reprethe American Type Tissue Culture Collection (Rockville, MD). VJ1sent the means Ϯ standard deviation of ten independent experibearing hybridoma 36-65 was obtained from Dr. Lawrence Wysocki. ments.
Experimental Procedures

Mice and Cell Lines
Cells were maintained in IMDM as described below.
Culture Conditions
studies, Norvell et al. found that much higher concen-Bone marrow cells were prepared as described (Tiegs et al., 1993) .
trations of polyclonal antibodies directed against the Femurs were removed asceptically from 6-to 8-week-old mice, entire BCR complex (anti-IgM) were required to induce ground in a mortar containing 10 ml of ice-cold sterile HBSS (Gibco apoptosis in purified immature B cell preparations. It is Laboratories, Grand Island, NY), and filtered through sterile cotton to remove bone fragments. Red blood cells were lysed with buffered possible that the nature of the signal delivered through ammonium chloride. Bone marrow cells were placed in 6-well tissue the BCR may be important and that higher order BCR culture plates at 10 ϫ 10 6 cells per milliliter in IMDM (Gibco) supple- Lang et al., 1996) . Apoptotic cells may be in PBS (2-5 mg/ml stocks) were added to a final concentration of 10 g/ml.
difficult to detect in our culture system as they are most likely engulfed by phagocytic cells relatively quickly.
CFSE Labeling
However, cultures from Bcl-2-Tg bone marrow did not Cells treated with CFSE (Molecular Probes, Eugene, OR) were lareveal any increases in B cell numbers in vitro ( Figure   beled as described (Hodgkin et al., 1996) . In brief, a stock solution 1), and the Bcl-2 transgene does not block central tolerof 5 mM CFSE in DMSO was diluted 1:10 in serum-free IMDM preance or receptor editing in vivo (J. Lang and D. N., unwarmed to 37ЊC. Bone marrow cells were diluted to 50 ϫ 10 6 cells per milliliter and incubated with 10 l of diluted CFSE per milliliter published data). Furthermore, higher concentrations of min at 4ЊC, RNA pellets were washed once with 70% ethanol and resuspended in sterile H2O. First strand cDNA synthesis, Gas and RAG-2 PCR amplifications, Southern blot transfers, and detection were performed as previously described (Tiegs et al., 1993) . [v/v] proteinase K of a 10 mg/ml stock) at 55ЊC overnight. Templates were denatured for 2 min at 94ЊC and amplified for 26 cycles consisting of a denaturation step at 94ЊC for 30 s, an annealing step at 58ЊC for 1 min, and an extension at 72ЊC for 1.5 min. V-J1 rearrangements were detected by PCR amplification using the following primers: sense V primer (Schlissel primer), 5Ј-GGCTGCAG/ Figure 7 . Two Ways That BCR Ligation Could Promote Receptor (GC)TTCAGTGGCAGTGG/(AG)TC/(AT)-3Ј, and anti-sense J1 IVS Editing primer, 5Ј-GCCACAGACATAGACAACGGAAGAA-3Ј. PCR reactions This schematic depicts a model of immature B cell development.
Rearrangement PCR Assay
were performed in a 30 l final volume containing 2.4 l of 2.5 mM The cell depicted at the left is the immediate descendant of a pre-(each) dNTP, 3 l of sense and 3 l of anti-sense primers (10 M), B-cell that actively rearranged light chain genes and was able to 3 l of 10ϫ PCR buffer (100 mM Tris-HCl [pH 8.4], 500 mM KCl, 20 form a functional light chain. This cell may transiently continue to mM MgCl 2, 1% Triton X-100, and 0.1 mg/ml gelatin), 0.2 l of Taq express the recombination machinery and "test" its antigen receptor enzyme (Perkin-Elmer Corporation, Norwalk, CT), and 1 l of temon the cell surface. In the absence of tolerogen, further maturation plate. ␣-Actin amplification was carried out using the same PCR terminates light chain recombination (represented by the cell in conditions and the following primers: sense actin primer, 5Ј-GGT the center marked "recombination Ϫ ") and allows further maturation, GTCATGGTAGGTATGGGT-3Ј, and anti-sense actin primer, 5Ј-CGC ultimately allowing export to the periphery (represented by the cell ACAATCTCACGTTCAG-3Ј (Hardy et al., 1991) . PCR products were marked "mature B" at right). Antigen may cause an immature B resolved on 1% TAE agarose gels and transferred to Zetaprobe cell that has stopped expressing the recombination machinery to membranes and probed with J1 or ␣-actin probes, as described reexpress it and to undergo secondary light chain rearrangements (Tiegs et al., 1993) . (pathway 1). Alternatively, antigen may block the developmental progression of immature B cells that express the recombination
